Bacterial microcompartments (BMCs) are functional analogues of eukaryotic organelles; a semipermeable protein shell sequesters an enzymatic core that constitutes a segment of a metabolic pathway [1] [2] [3] [4] [5] [6] [7] [8] . Instead of a lipid membrane, the restricting boundary of a BMC is a selectively permeable protein shell. The separation of the encapsulated enzymatic core from the cytosol is thought to protect the cell from toxic metabolic intermediates and prevent unwanted side reactions. Moreover, the colocalization of the encapsulated enzymes enhances flux through multistep pathways 9 and may increase enzyme stability. Although the basic architecture of the protein shell is conserved, BMCs are functionally diverse and are involved in both anabolic and catabolic processes. There is currently only one known example of an anabolic BMCthe carboxysome [2] [3] [4] -which is found in all cyanobacteria and in some chemoautotrophic bacteria. Carboxysomes contain the enzymes carbonic anhydrase 10 and Rubisco, and function to fix carbon dioxide as part of the CalvinBenson-Bassham cycle (FIG. 1a) . Catabolic BMCs-also known as metabolosomes -are found across bacterial phyla. They are involved in the metabolism of various organic compounds such as propanediol (propanediol utilization (PDU) BMC), ethanolamine (ethanolamine utilization (EUT) BMC), fucose and rhamnose [11] [12] [13] [14] (FIG. 1b). They are typically expressed only when their substrate is present 15, 16 . Metabolosomes frequently enable growth in specific niches, and there is an increasing realization of their role in providing a metabolic advantage to pathogenic bacteria 17 . Genes encoding proteins that are structural components of BMCs and gene products for ancillary functions (such as transporters for the uptake of the substrate by the cell and cytoskeletal elements that are presumably involved in positioning the 'organelle' within the cytosol) are typically organized in superloci 6 (FIG. 1c) . Accordingly, BMCs can be considered metabolic modules that are encoded in genetic modules that include genes for the organelle and the necessary components for integrating it with other cellular metabolic processes.
Owing to increases in the number of sequenced bacterial genomes and metagenomes in the past decade, the discovery of BMCs no longer depends on electron microscopy studies in conjunction with experimental characterization (reviewed in REFS 1, 5, 18) . Recognition of the homology among BMC shell proteins using bioinformatics has led to the identification of a multitude of functionally diverse BMCs found across 19 out of the 29 established bacterial phyla and also in several candidate phyla 6 (FIG. 2) . Moreover, new methods of visualization, such as atomic force microscopy 19 , the crystal structure determination of an intact BMC shell 20 and labelling of BMCs with fluorescent proteins [21] [22] [23] , have provided new insights into BMC structure, assembly and subcellular localization. This knowledge has enabled the engineering of BMCs for new applications in synthetic biology [24] [25] [26] . Combined with biochemical and genetic analyses, these studies have established the new field of BMC biology. This Review focuses on the advances of the past decade in which the widespread occurrence of BMCs has become clear and during which study of their structure, function and assembly has opened up a frontier for the application of BMC-based architectures in bioengineering.
Superloci
Regions on the chromosome that contain one or more operons encoding genes for a bacterial microcompartment and ancillary proteins that support the function of the organelle.
BMC-H
A type of shell protein containing a single Pfam00936 domain that forms cyclic homohexamers.
BMC-T
A shell protein that contains two Pfam00936 domains that form cyclic homodimers or pseudohexamers.
BMC-P
A type of protein containing the Pfam03319 domain that forms homopentamers and functions as the pentagonal vertices of the BMC shell.
Pfam00936 domain
An ~90 amino acid sequence that folds into an α-β structure that oligomerizes into a hexamer.
Facets
Surfaces connecting the icosahedral vertices.
The bacterial microcompartment shell
The shell of all bacterial microcompartments is composed of three types of protein building blocks: BMC-H, BMC-T and BMC-P (FIG. 3a) . The most abundant type of shell protein is BMC-H, containing a single Pfam00936 domain that assembles into a cyclic homohexamer (FIG. 3a) with a convex and a concave side 27 . BMC-T proteins consist of a tandem fusion of two Pfam00936 domains; they form trimers that resemble the BMC-H hexamer in size and shape (that is, they form pseudo hexamers) [28] [29] [30] [31] [32] . There are two subtypes of BMC-T proteins: a single trimer form (BMC-T s ) and a second type in which two trimers dimerize across their concave faces, referred to as double BMC-T d proteins (FIG. 3a) . A pore, typically formed at the central symmetry axis of hexamers and pseudohexamers, serves as a channel for metabolites to traverse the shell 27, 29, [33] [34] [35] . Whereas BMC-H and BMC-T proteins constitute the facets of the shells, pentameric proteins are required to cap the vertices of the polyhedral shell 36, 37 (FIG. 3b) . This role is served by the third conserved building block, the BMC-P proteins, which contain a single Pfam03319 domain and assemble into cyclical pentamers 30, 37, 38 . As icosahedra have only 12 vertices, regardless of their size, the BMC-P proteins are minor components and yet are essential to the diffusive barrier provided by a completely closed shell 39 . Since the first shell protein crystal structure was reported in 2005 (REF. 27 ), more than 40 others, in addition to various shell protein mutants or alternative crystal forms, have been determined for both carboxysomes and metabolosomes. Despite large phylogenetic distances among the micro organisms in which they are found, the protein structures are highly conserved, indicative of shared principles of shell assembly. The structure of an intact shell composed of five different proteins from Haliangium ochraceum 20, 40 provided atomic resolution detail of the protein-protein inter actions that mediate shell assembly for the first time. In this shell of ~400 Å in diameter, the protein membrane is formed by 540 individual protein chains, constituting a mass of about 6.5 MDa. The volume of this shell is estimated to be able to accommodate ~300 30 kDa proteins. One BMC-T s and two BMC-T d pseudohexamers occupy the centre of the faces and are encompassed by six BMC-H hexamers; the vertices are formed by the BMC-P pentamers (FIG. 3b) . The structure revealed that the concave sides of the hexamers and the bases of the truncated pyramid-shaped pentamers face the cytosol. The shell is composed of a single layer of protein in which stacked dimers of BMC-T d proteins are incorporated with the second pseudohexamer protruding outwards. The structure also revealed key interactions between the different α-Carboxysomes and β-carboxysomes both encapsulate carbonic anhydrase and form 1 Rubisco to fix CO 2 as part of the Calvin-Benson-Bassham cycle (CBB). The shell prevents loss of CO 2 to the cytoplasm. b | Metabolosomes have more diverse initial substrates than carboxysomes, but they typically share a common core biochemistry that is based on a signature enzyme, an aldehyde dehydrogenase (AldDH), an alcohol dehydrogenase (AlcDH) and a phosphotransacylase (PTAC). The signature enzyme generates the aldehyde that is then converted to a product alcohol by the AlcDH. This reaction uses CoA and NAD + , which are recycled in a separate reaction branch that uses AldDH and PTAC to produce a phosphorylated product (R-P). This product is then dephosphorylated by an acetyl kinase (AK) in a reaction that generates ATP. c | Schematic of a typical gene composition in a superlocus encoding a BMC. In addition to genes encoding shell and core proteins, BMC superloci encode proteins for supporting and ancillary functions, such as transporters for the signature substrate. CA, carbonic anhydrase; 3-PGA, 3-phosphoglycerate; P i , inorganic phosphate; RuBP, ribulose 1,5-bisphosphate. shell proteins, such as those that are mediated by lysine and arginine residues that are highly conserved among all BMC-H proteins irrespective of functional type. This indicates that the basic building blocks and architecture of the BMC shell are conserved 20 . The intact shell structure also demonstrated a key structural role for the BMC-T proteins. The BMC-T pseudohexamer interacts with two different BMC-H interfaces (FIG. 3c) , one in which the hexamers are coplanar and a second in which they adjoin at a 30° angle. At this position, BMC-T can bridge the angled vertices and the flat sheets that form the facets of the shell. BMC-T proteins have two copies of the Pfam00936 domain in each protein chain, which enables each subunit in the trimer to participate in two distinct modes of interaction. Indeed, a homohexamer with its strict sixfold symmetry could not readily accommodate two different interactions simultaneously. Larger icosahedral shell models can also Figure 2 | Overview of bacterial microcompartments in different phyla and tree of shell pentamers. a | Bacterial phyla tree with distribution of bacterial microcompartment (BMC) locus types. Locus types, excluding satellite and satellite-like loci, denoted as coloured shapes, are adjacent to the phyla in which they appear. For a given phylum, the shape of the triangular wedge represents sequence diversity; the nearest edge represents the shortest branch length from the phylum node to a leaf, whereas the farthest edge represents the longest branch length from the phylum node to a leaf. b | Phylogenetic tree of BMC-P (pentamer) shell proteins (which occupy the vertex position of BMC shells) shows a large distance between α-carboxysomal and β-carboxysomal homologues. β-Carboxysome BMC-P proteins are more closely related to their counterparts in the metabolosomes of heterotrophic organisms than to the BMC-P proteins of α-carboxysomes. To construct the tree, amino acid sequences were identified in the Uniprot RP75 database with a Hidden Markov Model of the BMC-P protein family (Pfam03319). The collected sequences were then made non-redundant with a cut-off of 95% identity, aligned and used to build the phylogenetic tree. Csome, carboxysome. BUF, BMC of unknown function; EUT, ethanolamine utilization; ETU, ethanol utilization; GRM, glycyl radical enzyme-containing microcompartment; MIC, metabolosome with an incomplete core; MUF, metabolosome of unknown function; PDU, propanediol utilization; PVM, Planctomycetes and Verrucomicrobia microcompartment; RMM, Rhodococcus spp. and 
β-Carboxysomes
This type of carboxysome is found in ecophysiologically diverse cyanobacteria; it encapsulates form 1B Rubisco, the form found in higher plants.
γ-Carbonic anhydrase
A subclass of carbonic anhydrases with a characteristic structure of three chains that each form a left-handed β-helix and a metal ion active site.
be deduced using these same principles 20 . This provides not only insight into the structural foundations of the observed size range of BMCs in bacteria (40-600 nm (REFS 14,41)) but also a strategy for designing the size of and the surface:volume ratios of engineered shells.
The close associations between the shell proteins in BMCs (FIG. 3b) indicate that the central pores of the hexamers and pseudohexamers are the only channels to the interior. This is consistent with studies that show changes in BMC function when residues surrounding the pore are mutated 32, 33 . The double-stacking BMC-T d proteins contain a relatively large pore (12-14 Å) that can be open or closed depending on the conformation of the surrounding side chains [28] [29] [30] [31] . The dimerization of the BMC-T d trimers across their concave faces results in an interior cavity containing conserved pockets in which ligands that are thought to be involved in the gating of the pore are bound 28, 31 . Alternative pore configurations have also been observed for the BMC-T s pseudohexamers; multiple crystal structures of EutL and PduB (from the ethanolamine utilizing and propanediol utilizing metabolosomes) captured two distinct conformations: either a large central pore or three smaller pores situated around a closed centre 35, [42] [43] [44] . Ligands bound to the smaller pores observed in the structures were suggested to reflect selectivity for specific metabolites 43 or to provide regulatory control over the opening of the central pore 44 , for example, to allow the passage of larger molecules when regeneration of encapsulated cofactors is necessary.
A model for an entirely double-layered β-carboxysomal shell was proposed based on biochemically identified interactions between carboxysomal BMC-H proteins 45 . Although two layers of hexamers seem unlikely on the basis of BMC-H protein interactions in the intact shell crystal structure 20 and the observed thickness of the shell layer in recently published transmission electron microscopy images of intact β-carboxysomes 46 , an interaction between the concave sides of hexamers embedded in a BMC facet and free cytosolic hexamers could presum ably occur and represent an additional, perhaps transient, mechanism to modulate metabolite flow across the shell.
Assembly of bacterial microcompartments
Whereas the overall BMC shell architecture is widely conserved, the encapsulated proteins are structurally and functionally diverse. Do all these functionally distinct organelles assemble the same way? An understanding of the general principles of the assembly of BMCs is just beginning to emerge, led by studies of both α-carboxysomes and β-carboxysomes. Both types contain form 1 Rubisco, which is a hexadecameric assembly of eight large and eight small subunits. For β-carboxysomes, the best-studied example thus far, the core assembles first, followed by encapsulation by the shell (FIG. 4a) . By contrast, in α-carboxysomes, the shell and core seem to assemble concomitantly (FIG. 4b) . Given the observations that many core enzymes have a tendency to aggregate (summarized in REF. 7) and that many metabolosome enzymes contain extensions that are known to interact with the shells [47] [48] [49] [50] , it is likely that metabolosomes have a similar assembly pathway in which the core is assembled first, similar to β-carboxysomes 51 . Interestingly, on the basis of phylogenetic analysis of their BMC-P protein, β-carboxysomes are more closely related to metabolosomes than to α-carboxysomes 2 .
The β-carboxysome assembly pathway. Initial clues as to how carboxysomes assemble came from studies of specific domains of two highly conserved β-carboxysome proteins: carbon dioxide-concentrating mechanism protein CcmM and CcmN. Both proteins were shown to be essential for carboxysome formation, as the deletion of either one results in the formation of large polar protein aggregates visible in cells in electron micrographs and a phenotype in which CO 2 supplementation is required for growth 47, [51] [52] [53] [54] [55] . A requirement for a high level of CO 2 is the typical indicator of the loss of or defective carboxysomes. CcmM consists of an N-terminal γ-carbonic anhydrase domain 56 and three to
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Encapsulation peptide
One or more short (~17 amino acid) amphipathic helices that target cargo proteins to the interior of bacterial microcompartments; they are typically located at the N-terminus or C-terminus of a protein and are connected by an unstructured linker.
five domains at the carboxyl-terminus with amino acid sequence homology to ribulose bisphosphate carboxylase small chain (RbcS), the small subunit of Rubisco 57 . A shorter version of CcmM consisting of only these small subunit-like domains (SSLDs) is also expressed from an internal start site. Both full-length CcmM and the shorter isoform are necessary for β-carboxysome formation 58, 59 . The γ-carbonic anhydrase domain of CcmM interacts with the N-terminal domain of CcmN 47, 60 (which contains β-helical domains that are also found in γ-carbonic anhydrases). CcmM also interacts with the additional β-carbonic anhydrase carboxysomal carbonic anhydrase A (CcaA 58, 60, 61 ; a completely different structural fold that shares only functional homology to γ-carbonic anhydrases), which is encoded in a satellite locus in a subset of β-cyanobacterial genomes 62 . The C-terminal region of CcmN contains an unstructured linker followed by a short (~17 amino acid) segment that is predicted to fold into an amphipathic α-helix 47 . This short peptide is referred to as an encapsulation peptide based on its property to localize CcmN to the lumen of the carboxysome shell. Based on the sequence properties and predicted α-helical structure of the CcmN peptide, it was predicted 47 that similar extensions were also found on diverse metabolosome proteins 47 . The α-helical structure and the role of many of these encapsulation peptides in BMC assembly have been experimentally verified 48, 49, [63] [64] [65] . In 2010, three studies employing three different types of BMCs showed that it was possible to fluorescently label BMC cargo and shell proteins without abrogating assembly or function [21] [22] [23] . The ability to fluorescently label β-carboxysomal Rubisco 21 and to control both shell and cargo protein expression and thus organelle formation in vivo enabled the visualization of the carboxysome assembly pathway 51, 66 . The SSLDs of CcmM cause the aggregation of Rubisco molecules, most likely by displacing some RbcS subunits of the RbcL-RbcS (ribulose bisphosphate carboxylase large chain-ribulose bisphosphate carboxylase small chain) complex. This pro carboxy some is encapsulated by shell proteins that interact with the γ-carbonic anhydrase domain of CcmM 67 or the encapsulation peptide of CcmN 47 . The addition of CcmL (the BMC-P of β-carboxysomes) pentamers closes the shell, and the newly assembled carboxysome buds off 51 , becoming distributed along the long axis of rod-shaped cyanobacteria through interactions with the cytoskeletal protein ParA 21 . An organized spatial distribution of carboxysomes in the cell is presumably advantageous because it reduces the mean distance that dissolved cytosolic bicarbonate has to diffuse to reach an organelle. It may also help to ensure uniform partitioning of carboxysomes to daughter cells during cell division 21 .
The α-carboxysome assembly pathway. In contrast to β-carboxysome assembly, electron cryotomography has captured images of partially assembled α-carboxysome shells with attached core proteins, which suggests that the enzymes and the shell assemble concomitantly 68 (FIG. 4b) .
Notably, with the exception of form 1 Rubisco and shell proteins, the components of α-carboxysomes and β-carboxysomes are structurally distinct. For example, the α-carboxysome contains a conserved intrinsically disordered protein, carboxysome shell protein CsoS2, which is essential for its biogenesis 69, 70 . CsoS2 has three sequence regions (N-terminal, middle and C-terminal); repetitive motifs are found in the N-terminal and middle regions. Some organisms express an isoform of CsoS2 that lacks the C-terminal region, CsoS2A, which is not capable of producing intact carboxysomes in a recombinant system in the absence of the full-length protein, CsoS2B 70 . Specific roles have been predicted for each of the regions 69, 70 . The N-terminal region of CsoS2 recruits the major shell protein CsoS1, increasing its local concentration until it reaches the threshold that is required for self-assembly. Simultaneously, the middle region coalesces with Rubisco, and the C-terminal region anchors the resulting core to the shell 69 . Nature Reviews | Microbiology Glycyl radical enzymes (GREs). A class of enzymes that uses radicals of glycine and cysteine for catalysis; they are highly oxygen sensitive and require an activating enzyme containing an Fe-S cluster to generate the glycyl radical.
Signature enzyme
An enzyme of a metabolosome that is specific to the initial substrate of the bacterial microcompartment.
In a recent in silico study 71 , two types of BMC assembly could be distinguished. The encapsulation of cargo by a shell was simulated while varying the strength of the interactions between all of the components. When cargo-cargo interactions were relatively weak, a onestep assembly process, as predicted for α-carboxysome biogenesis 69 , could be observed. When the strength of protein-protein interactions was increased, the formation of a core followed by its encapsulation in a shell and budding of the newly formed compartment were predicted, which is consistent with the experimentally determined β-carboxysome assembly pathway 51, 66 .
Assembly of metabolosomes.
Phylogenetic analysis of BMC-P proteins 2 , differences in their core components and distinctive assembly pathways collectively suggest that β-carboxysomes are more similar to metabolosomes than to α-carboxysomes (FIG. 2b) . The assembly pathway of metabolosomes has yet to be experimentally demonstrated, but several lines of evidence suggest that the sequence of events is very similar to β-carboxysome biogenesis. For example, in the glycyl radical enzymecontaining microcompartments (GRMs), a subset of the enzymes contain domains with homology to their catalytically active, encapsulated counterparts; this is analogous to the role of the SSLDs of β-carboxysomes.
Other examples of such domain mimics include catalytically inactive aldehyde dehydrogenase (AldDH) domains or the N-terminal extension of some of the GRM-specific glycyl radical enzymes (GREs) that resemble half of the catalytic domain of the GRE 6, 8 . Likewise, encapsulation peptides are now an established feature of many different metabolosome enzymes, such as the CoA-dependent propionaldehyde dehydrogenase PduP 72 and the phosphotransacylase PduL 50 of the PDU BMC and the ethanolamine lyase small subunit ethanolamine ammonia-lyase light chain (EutC) and ethanol dehydro genase ethanolamine utilization protein EutG of the EUT BMC 63 . Recent evidence suggests that at least some encapsulation peptides have a role in nucleating metabolosome cores. This is supported by the observation that they can render proteins insoluble 50, [73] [74] [75] [76] or modify their oligomeric state 50 . Furthermore, large polar bodies containing cargo proteins, which are likely pro-metabolosomes, are present in PDU BMC-H protein deletion strains, suggesting that aggregation of the core is not dependent on shell formation 77, 78 . Accordingly, encapsulation peptides may have a dual function in metabolosome biogenesis, acting as a nucleation factor by aggregating proteins to form a pro-metabolosome and recruiting the shell proteins around this core. In the PDU BMC, a short N-terminal α-helix of the major shell protein PduB is believed to be the primary mediator of the interaction between the core and the shell 79 ; interaction between the encapsulation peptide of CcmN and the β-carboxysome shell has similarly been demonstrated 47 . Proteins lacking encapsulation peptides or domain mimics are likely encapsulated through an interaction with a partner cargo protein that possesses one of these packaging determinants. For instance, the complex formed by the core enzymes alcohol dehydrogenase (AlcDH) and AldDH presumably targets the AlcDH to the pro-metabolosome of the Salmonella enterica PDU BMC 80 . The observation that cofactors such as CoA are bound to their cognate enzyme before their encapsulation in the BMC suggests that this enables the incorporation of cofactors during BMC biogenesis 50 .
The functional diversity of BMCs
The observation that the genes encoding the highly conserved shell proteins cluster with those encoding the enzymatic core in operons situated within superloci 6 (FIG. 1c) has profoundly advanced the discovery of BMCs. Although the carboxysome, PDU 81 and EUT 82 BMCs were already known in the pre-genomic era, a comprehensive bioinformatic study in 2014 (REF. 6 ) identified distinct subtypes of the PDU and EUT BMCs, as well as mergers of EUT and PDU loci and an array of uncharacterized BMCs. The experimental study of these newly discovered BMCs is just the beginning. For example, the Planctomycetes and Verrucomicrobia microcompartment (PVM BMC) from Limnophila was shown to be involved in the degradation of l-fucose and l-rhamnose, compounds that the organism is likely exposed to in its typical environmental niche 14 . The association of new BMC functions with specific microbial habitats is of particular interest for emerging applications in microbial community engineering.
The superloci of bacterial microcompartments. BMC superloci (FIG. 1c) contain the genes for shell proteins (BMC-H, BMC-T and BMC-P) and encode the core proteins that include enzymes and putative scaffolding proteins 6 . In addition, they frequently contain genes for regulatory proteins as well as factors to integrate the metabolic activity of the BMC with that of the rest of the cell and to maintain its function. For example, α-carboxysome superloci typically include genes encoding Rubisco activase (CbbX), putative Rubisco chaperones (CbbO-CbbQ complex), the low-CO 2 -inducible bicarbonate transporter (SbtA-SbtB complex) and the putative CO 2 hydration protein ChpX-NDH-I 4 complex (with low affinity and constitutive CO 2 -uptake activity) 83 . A recent structural analysis of CbbQ revealed the presence of a typical hexameric AAA+ ATPase domain; the protein was shown to have ATPase activity and to comigrate with the carboxysomal shell fraction 84 .
Metabolosomes. Despite different substrates and diverse functions, metabolosomes share a common enzymatic core composed of a signature enzyme, an AldDH, an AlcDH and a phosphotransacylase (PTAC) (FIG. 1b) . An aldehyde-generating enzyme, which differs between BMC types in reaction and substrate specificities, is referred to as the signature enzyme because it defines the initial substrate and, accordingly, determines the main function of the metabolosome 6, 7 . The aldehyde intermediate that is generated by the signature enzyme is subsequently processed by a CoA-dependent AldDH. Notably, the amino acid sequence of the AldDH can be used to independently reconstruct BMC phylogeny 6, 8 .
Maximum-likelihood tree
A phylogenetic tree constructed using a computationally intense method that searches for the tree that has the highest probability of producing the observed data. (FIG. 1b) .
Glycyl radical enzyme microcompartments. BMC loci encoding a microcompartment with a GRE as the signature enzyme are the most abundant type of BMC in number but are only beginning to be experimentally characterized. The GRMs can be subdivided into at least five types (GRM1, GRM2, GRM3, GRM4 and GRM5) according to their locus composition 6, 8 . In contrast to other BMCs, the function of GRM organelles cannot be predicted solely on the identification of the aldehyde-generating signature enzyme (that is, the GRE). In addition, more in-depth bioinformatic analysis of putative active site residues and/or experimental characterization of the GRE are required owing to the functional diversity of this ancient family of enzymes. In silico analyses suggest that the five types of GRMs have distinct substrates 8 . Most of the data supporting the bioinformatic assignments of GRM function to date have been drawn from the analysis of GREs in isolationthese studies did not consider their activity within the context of a bacterial organelle. For example, the GREs of GRM1 and GRM2 were demonstrated to represent two different types of choline trimethylamine-lyases [87] [88] [89] , indicative of a role for these BMCs in choline degradation. The first GRM to be experimentally characterized -the GRM5 -was shown to be involved in the anaerobic degradation of l-fucose and l-rhamnose 13 . This organelle is unusual in that it is associated with a second signature enzyme, an aldolase, which cleaves l-fuculose-1-phosphate or l-rhamnulose-1-phosphate into dihydroxy acetone phosphate and (S)-lactaldehyde. The latter is used by a lactaldehyde reductase to produce 1,2-propanediol. This led to the assumption that the GRE of GRM5 was a 1,2-propanediol dehydratase, which was later experimentally verified 90 . This activity was then also proposed for the GREs that are associated with the GRM3 and GRM4; phylogenetic analyses showed that the GREs of GRM3 and GRM4 cluster closely together with the GREs of GRM5 in a maximum-likelihood tree 8 . The GRE of the Rhodopseudomonas palustris GRM3 was recently characterized biochemically and confirmed to be a 1,2-propanediol dehydratase 76 . The organelles of GRM3 and GRM4 are not associated with fuculose phosphate aldolases, and some of the corresponding organisms do not possess even a distantly homologous enzyme. Therefore, GRM3 and GRM4 were proposed to directly function in the degradation of 1,2-propanediol from environmental sources 76 . Accordingly, the GRM3 and GRM4 represent vitamin B 12 -independent alternatives to the canonical PDU BMCs 11 .
Bacterial microcompartments awaiting characterization. In the most comprehensive bioinformatic survey to identify BMCs in bacterial genomes to date, there were three types for which a function could not be predicted 6 : MUF (metabolosome of unknown function); MIC (metabolosome with an incomplete core) and BUF (BMC of unknown function). The latter lacks all the typical core enzymes and might harbour a new type of BMC-associated biochemistry 6 . Another BMC, namely, RMM (Rhodococcus spp. and Mycobacterium spp. microcompartment) has been linked to aminoalcohol or aminoketone metabolism 91 . However, only one of the putatively encapsulated enzymes of RMM has been characterized, l-1-amino-2-propanol dehydrogenase 92 . Very few representative loci are available for these relatively rare BMC types, making it difficult to predict which genes are conserved near those encoding shell proteins and therefore likely to functionally associate with the organelle. These questions will likely be addressed owing to the increasing number of available sequenced bacterial genomes 93 . An example of an MIC is the BMC from H. ochraceum, where only a putative AldDH gene is present in the most extensive BMC locus (containing genes encoding BMC-P, BMC-H and BMC-T); an aldolase with a detectable encapsulation peptide is encoded in a distal part of the genome, clustered with two BMC-P homologue genes. The shell proteins from this organism have been shown to form homogeneous shells with a diameter of ~40 nm when recombinantly expressed 20, 40 .
More recently, the range of enzymatic activities that are associated with BMCs has expanded. For example, in the candidate phylum Atribacteria, a BMC superlocus was found that contains five to six genes encoding shell proteins and genes annotated as NADH dehydro genase, sugar isomerase and sugar aldolase in addition to the canonical core enzymes AldDH and PTAC 94 . Another unique type of BMC was recently identified in Clostridium indolis DSM 755 T ; the locus includes a CoA-transferase gene and was correspondingly named CoAT BMC 95 .
The role of bacterial microcompartments in pathogenesis. It is now well established that a subset of BMCs contributes to the fitness and virulence of some pathogenic bacteria 17 . The human gut 12, 96 and processed food 97, 98 are enriched in propanediol and ethanolamine that can be catabolized by the EUT, PDU and some GRM BMCs as a source of energy, carbon and nitrogen. For example, the PDU BMC of Salmonella typhimurium was found to contribute to colonization and expansion during infection, possibly by making use of nutrients that are unavailable to the normal flora 17, 99, 100 . Similarly, the EUT BMCs of Listeria monocytogenes, entero hemorrhagic Escherichia coli O157:H7, Enterococcus faecalis and S. typhimurium have been shown to be important for virulence in the host intestine in both in vivo and in vitro infection models [101] [102] [103] [104] [105] [106] . EUT BMCs provide an advantage for enterohemorrhagic E. coli, especially when entering the stationary phase upon nutrient limitation; bacteria able to metabolize ethanolamine are able to survive 103 . EUT BMCs are also present in other pathogens, such as the virulent multidrug-resistant Clostridium difficile 630, but a direct connection to pathogenesis has not yet been established 107 .
Pathogenicity islands
Segments of chromosomes that encode virulence factors and are found in pathogenic microorganisms but absent in closely related, non-pathogenic strains.
Another mode by which BMCs contribute to pathogenicity results from the production of trimethylamine (TMA) in the human gut, a by-product of the catabolism of the choline generated by GRM1 and GRM2. Both GRM1 and GRM2 are widespread in members of healthy human gut microbiomes and may be a substantial source of TMA 108 . TMA accumulates in the gut and, after its resorption, is rapidly converted to trimethylamine-N-oxide (TMAO) by flavin monooxygenase FMO3 in the liver 109, 110 ; it has been established by recent studies that the levels of TMAO in serum positively correlate to many human health issues such as cardiovascular disease, reduced renal function, colorectal cancer and impaired glucose tolerance 109, [111] [112] [113] [114] . Although a direct relationship between TMAO that is produced by GRM1 and GRM2 and disease has not been established, recent studies found that GRM1 or GRM2 BMCs were required and sufficient for metabolizing choline and for the production of TMA under anaerobic conditions in the human gut 108 . Analyses of the genomes of several different Clostridium botulinum isolates revealed numerous BMCassociated genes in putative pathogenicity islands 115 . How these BMCs affect toxicity, invasiveness and the colonization of the host has not yet been studied. C. botulinum strains may possess multiple types of BMC gene clusters, such as GRM1, an MUF and additional satellite loci 6 . Collectively, these data make it clear that BMCs as well as enzymes that function upstream or downstream of the BMC-associated metabolism represent attractive targets for the design of drugs to, for example, disrupt the PDU BMC of S. typhimurium or the EUT BMC of entero hemor rhagic E. coli. Therefore, it is important when studying the role of these BMCs to consider not only their substrates and products but also how BMC metabolism integrates with other cellular metabolic processes within the pathogen and how the metabolites interact with the host.
Bacterial microcompartments in bioengineering
Bacterial microcompartments as plug-and-play metabolic modules. The presence of similar BMC loci in distantly related bacteria indicates that BMC gene clusters are frequently horizontally transferred 6, 116, 117 . This has likely been facilitated by their genetic modularity. This compact organization and the advent of inexpensive, large-scale DNA synthesis methods make it feasible to introduce BMCs as metabolic modules across species 118, 119 .
In an early proof-of-concept experiment, the pdu operon of Citrobacter freundii was introduced into E. coli, enabling the resulting mutant strain to grow on 1,2-propanediol 120 . Carboxysomes have also been the subject of extensive bioengineering efforts to enable or enhance CO 2 fixation. The cso operon, which encodes the α-carboxysome of the chemoautotroph Halothiobacillus neapolitanus, has been expressed in E. coli 121 and Corynebacterium glutamicum 122 , and the observed carboxysome-like particles were shown to have Rubisco CO 2 -fixing activity. The genes that encode the β-carboxysomal shell and core proteins have been expressed in the chloroplasts of Nicotiana benthamiana, resulting in the generation of carboxysome-like aggregates 123 . Furthermore, a native Rubisco-deletion tobacco plant line was able to grow when it was engineered so that a cyanobacterial Rubisco could be produced in its chloroplasts; the addition of the gene that encodes the SSLDs of CcmM led to the formation of a structure resembling a pro-carboxysome 124 . This first inter-kingdom heterologous expression of BMC components represents a leap towards the objective of utilizing carboxysomes in plants for improved photosynthesis in crops 25, 62, 119, [123] [124] [125] [126] and, more generally, for building bacterial organelles within eukaryotic cells. Schematic showing the process of utilizing bacterial microcompartments (BMCs) for building BMC shells or scaffolds with customized properties. The natural diversity of BMCs provides a rich collection of building blocks with specific functions, structures, permeability and enzymatic activity. New enzymatic functions can be targeted to the interior of the shell using encapsulation peptides, and synthetic BMC cores can be engineered using protein fusions. Modifying the shell proteins enables altered permeability or the introduction of new functions, such as electron transfer. Biomaterials, such as scaffolds for metabolic pathways, can also be constructed using the same strategies. Synthetic BMCs and scaffolds can be used in vivo and in vitro.
Designing new bacterial microcompartment cores.
Designing and building BMC cores for new functions are also under intense investigation. Understanding the interactions that occur among protein domains during β-carboxysome assembly enabled the design of a chimeric protein, CcmC, which comprises SSLDs, an encapsulation peptide and a β-carbonic anhydrasethe essential elements for pro-carboxysome formation, shell recruitment and concentration of CO 2 around Rubisco 127 . CcmC was able to promote β-carboxysome assembly in a carboxysome-mutant strain, and the resulting carboxysomes were functional, allowing the cyanobacterium (Synechococcus elongatus PCC7942) to grow in air at a comparable rate to the wild-type strain 127 . CcmC, by replacing four gene products, simplifies carboxy some assembly by reducing the genetic load on a potential host and reduces the regulatory complexity; this proof-of-concept of domain-based core engineering should facilitate new designs and the introduction of BMCs to new species.
It is also possible to target enzymes or proteins of interest into BMC shells by fusing them to encapsulation peptides 40, 48, 63, 67, [128] [129] [130] [131] . Encapsulating new functions using this strategy was demonstrated by the construction of a synthetic pyruvate-to-ethanol BMC 65 and a polyphosphate accumulation BMC 132 , both using recombinant PDU shells in E. coli. Additionally, the nucleation role of encapsulation peptides can be used to improve the efficiency of enzymatic pathway reactions by colocalizing enzymes of a multistep reaction, even in the absence of a shell. Recently, a large enzyme aggregate occupying half of the bacterial cell was obtained by fusing two different encapsulation peptides to four enzymes (glycerol dehydrogenase, dihydroxyacetone kinase, methylglyoxal synthase and 1,2-propanediol oxidoreductase) to convert glycerol to 1,2-propanediol 133 . This aggregate was shown to be 2.5 times more efficient in 1,2-propanediol production than enzymes that lacked encapsulation peptides, presumably owing to a higher local enzyme concentration and the substrate channelling within the protein aggregate. These properties are consistent with the emerging understanding that encapsulation peptides are also involved in core assembly and not just in interactions with the shell 49, 50 . Fusing encapsulation peptides to individual proteins is a useful method for constructing simple organelles that are composed of one or two proteins but might not be suitable for complex pathways that require several enzymes. There are typically only one or two encapsulation peptides associated with each BMC type, and they may compete for the same shell-protein-binding partner 130 . The low encapsulation efficiency of non-native 80 • BMC cluster involved in choline degradation described 87 • Anaerobic fucose-rhamnose degradation by a GRM BMC reported 13 • Assembly pathway of β-carboxysomes elucidated 51 • Aerobic fucose-rhamnose degradation by the PVM BMC reported 14 • Robust production and purification of homogeneous BMC shells from a synthetic operon using BMC-H, BMC-T and BMC-P
40
• A comprehensive bioinformatic survey revealed at least 23 types of BMCs, and a general model for metabolosome function proposed 6 • β-carboxysome proteins form shell-like structures in chloroplasts 124 • Chimeric BMC shells described 145, 149 • An intrinsically disordered protein is involved in organizing α-carboxysome interior 69 • PDU BMC can recycle CoA internally by using a BMC-specific phosphotransacylase 85 • GRM loci are the most widespread and consist of functionally distinct BMCs 8 and are widely distributed in human gut isolates 108, 161 • Redesign of the β-carboxysome enzymatic core 127 • Report of ligand binding-induced pore opening of a BMC-T s protein 44 • Figure 6 | Timeline of research on bacterial microcompartments. AFM, atomic force microscopy; BMC, bacterial microcompartment; EUT, ethanolamine utilization; ETU, ethanol utilization; GRM, glycyl radical enzymecontaining microcompartment; PDU, propanediol utilization; PVM, Planctomycetes and Verrucomicrobia microcompartment; TEM, transmission electron microscopy.
Fe-S clusters
Metal clusters composed of non-haem iron and sulfur atoms; in proteins, they function to transfer electrons over a wide range of potentials.
Ferredoxins
A family of proteins that contain Fe-S clusters to mediate electron transfer.
cargo that has been observed in several studies 40, 63, 67, 134, 135 may also be due to the absence of additional protein domain interactions that contribute to the robustness of encapsulation. Several strategies have been explored to overcome these limitations. For example, encapsulation efficiency can be improved by delayed expression of the cargo relative to the shell proteins 136 and by altering the primary structure of encapsulation peptides 137 . To identify the primary structural features that are important for encapsulation efficiency, encapsulation peptides were designed de novo 134 , and reporter proteins that were fused to encapsulation peptides from GRM and EUT BMCs were encapsulated in a PDU BMC 138 , demonstrating the potential for using encapsulation peptides to attach proteins to diverse BMC shells.
In order to target several different proteins to the BMC lumen, encapsulation peptides can be fused to proteins on either their N-terminus or the C-terminus or within loop regions between domains to generate intra-protein encapsulation peptides. The latter type, the internal encapsulation peptide, has been recently identified in native BMC systems 8 ; locating an encapsulation peptide internally will likely be useful for when modifying the N-terminus or the C-terminus of a protein to be encapsulated affects its function. Likewise, the ability to internally introduce encapsulation peptides increases the range of designs that are possible for constructing chimeric proteins. The same strategy that is based on encapsulation peptides could also be used to target synthetic scaffolding proteins 139 to the lumen of BMCs (FIG. 5) . This scaffold and the enzymes of the synthetic pathway would be engineered to specifically interact with each other, enabling the precise control of protein stoichiometry 25 .
By viewing core proteins as a collection of folds and taking advantage of the knowledge of the biochemistry of native systems, it may be possible to engineer the active site of the signature enzyme and other core enzymes of a given BMC to act on different substrates. For example, BMC AldDHs are capable of utilizing different short-chain aldehydes 76, 140 . Accordingly, an EUT AldDH was able to functionally replace the native enzyme of a PDU BMC 138 . This strategy could be extended to any core enzyme by replacing one of the native enzymes with a catalytically distinct member with the same structural fold 7, 25, 118 . Surface features (for example, size and charge of specific amino acids) of the homologous enzyme could be altered to resemble those known to facilitate protein-protein interactions in the native core. Likewise, encapsulation peptides could be grafted onto the homologous protein to facilitate encapsulation [141] [142] [143] (FIG. 5) .
Engineering shell proteins. The size and charge of the pores of the different BMC shell proteins define the type of compounds that can traverse the shell 7, 8, 18, 144 . Mutations of the residues that flank the pores of shell proteins from the PDU metabolosome 32, 33 and carboxysomes 145 showed that altering the size and charge of the pore to influence permeability does not impair shell formation. This provides the basis for further rational design of channels that are specific to desired metabolites that are not native to natural BMCs; this is a key design requirement, as the shell serves as the interface between the lumen of the BMC and its cellular environment.
Indications of the presence of Fe-S clusters in BMC-H 8, 146 and BMC-T 120,135,147 proteins suggest that electron transfer across the shell occurs in some types of BMCs. In developing synthetic BMCs for bioengineering applications, the incorporation of electron relays through shell proteins would greatly expand the possible repertoire of potential core chemistries. For example, this would enable the encapsulation of redox reactions that can be connected to a source of electrons in the cytosol or, conversely, to an electron sink that is located outside of the compartment. Recently, a BMC-T s shell protein was engineered to bind a redox active 4Fe-4S cluster in its pore, which was stable through redox cycling and exhibited properties similar to the clusters of lowpotential bacterial ferredoxins 148 . This was also the first example of conferring a completely new function to a shell protein. Engineering different shell proteins with diverse metal cofactors and fine-tuning their redox potential allow for the conversion of the passive BMC shell barrier into an active interface.
Strong sequence and structural conservation among shell proteins from functionally distinct BMCs enables mixtures of shell proteins from different types of BMCs to assemble together. For example, chimeric shells were obtained by replacing the major shell protein of β-carboxysomes (CcmK homologue 2 (CcmK2)) with the CsoS1 protein of α-carboxysomes 145 , and the ethanolamine utilization BMC shell protein EutM was successfully integrated into a PDU BMC 33 . Likewise, chimeric shells were produced by the simultaneous expression of the pdu and eut operons 149 , and a β-carboxysome shell protein (CcmO) has been incorporated in the PDU BMC 149 , highlighting the potential use of BMC shell proteins as generic structural building blocks (FIG. 5) .
Shell proteins for novel bioarchitectures. When shell proteins are expressed outside of their native cellular context, they form a diverse array of aberrant structures, including filaments 63, 120, 150 , rosettes 19, 107, 120 and nanotubes 23, 151, 152 . These architectures provide an alternative use for shell proteins in the construction of modular scaffolds that could be used to enhance metabolic efficiency in vivo and in vitro 153 .
The re-purposing of shell proteins to form programmable scaffolds is predicated on understanding the specific structural determinants that underlie the interactions among the proteins forming the facets of BMC shells and how their expression levels influence the resulting architecture. New insights have emerged from the study of two non-natural BMC architectures: nanotubes and two-dimensional layers. Nanotubes can be formed by the expression of a single BMC-H protein, propanediol utilization protein PduA 151 or RmmH (the BMC-H of the Rhodococcus and Mycobacterium microcompartment) from Mycobacterium smegmatis 152 . For the latter, nanotube assembly is reversible and regulated in a concentration-dependent manner 152 . Likewise, after their purification, the rosettes formed in vivo by the BMC-H protein of H. ochraceum roll out into flat, single hexamer-thick sheets in which hexamers are uniformly oriented 19, 40 . In addition, computational simulations were used to study the self-assembly of the shell protein CcmK2 in silico 154 . To further expand the design space of BMC-based architectures, two-dimensional chimeric scaffolds could be constructed from shell proteins from diverse BMC types and functionalized with enzymes using strategies developed for three-dimensional compartments (FIG. 5) . Shell proteins engineered to form empty shells or cages 155, 156 could also be repurposed as cargo carriers for the delivery of molecules, with potential application in human health and phytonanotechnology 157, 158 .
Conclusions
In the past 10 years, the understanding of BMCs has greatly increased (FIG. 6) . Progress has been made in characterizing their structures, assembly mechanisms and encapsulated reactions. Although the number and types of BMCs encoded in genomes across the bacterial kingdom continue to grow, there are only six with experimentally confirmed functions, namely α-carboxysomes and β-carboxysomes and the EUT, PDU, GRM and PVM metabolosomes [11] [12] [13] [14] 57, 159 . In addition to experimental characterization of the diversity of their functions, many fundamental questions remain
. The plasticity of the BMC architecture provides the foundation for diverse applications in synthetic biology, including their use in programming the metabolism of members of microbial consortia (synthetic ecology). It seems likely that the study and engineering of bacterial organelles will become a field comparable in size to those focused on their eukaryotic counterparts.
